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Introduction
The accuracy of determination of the X-ray structure factors of crystals is conditioned both by errors associated with the experimental procedures in the meas-urement of integrated intensities, and by errors attributable to anomalous properties of the specimen being studied. The enhanced precision of measurement attainable with modern diffractometers and photon counting devices permits of the detection, study and minimization of the errors arising from experimental procedures. Consequently, the study and treatment of anomalous specimen effects is of crucial importance to the attainment of a high degree of overall accuracy.
When accurate intensity measurements of powders are aimed at, difficulties are encountered in preparing a specimen which obeys all the assumptions made in derivation of the mosaic crystal formula for the integrated Bragg reflexions. It is impracticable to satisfy the condition that the density of the powder specimen equals the bulk density. This can give rise to the porosity effect, which manifests itself in an almost constant reduction of the integrated intensities through the angular range of measurement. It is difficult to find reliable corrections for this effect, as the distribution of particle sizes and shapes, as well as their spatial distribution, is not known accurately; in some cases, fluorescent X-rays can be used to prove the absence of porosity, or to determine the necessary corrections (Paakkari & Suortti, 1968) . Further uncertainties may be induced by surface roughness, the effect of which is greatly dependent upon the scattering angle, and by inhomogeneity of the packing of crystallites in loosely pressed specimens.
If a powder specimen is compressed sufficiently to produce a sample with insignificant porosity effects, preferred orientation may be introduced as a result of the plastic flow of a metal along preferred crystallographic directions, or of the rotation of non-metallic particles to line up along cleavage faces. Many methods have been proposed for the reduction of preferred orientation. For instance, one may employ a sideloading specimen holder, mix the powder with a binding agent, and treat the specimen surface in different ways. Although these and other methods may be tried, they may introduce other systematic effects; moreover, none of them lends itself to a detailed analysis of texture. This can be done only by actual measurement of the orientation distribution of crystallites in the specimen, and by its characterization with a suitable model. Jetter, McHargue & Williams (1956) have developed a method for determination of the fibre axis density from the pole density for the fibre-texture type of preferred orientation. They have also deduced a rough method for correction of the diffracted intensity for texture. A theoretical treatment for the case of cubic crystals has been developed more fully by Bunge (1959 Bunge ( , 1961 . Roe (1965) has made an extensive study of the description of crystalline orientation in polycrystalline materials. An analysis of certain errors in the X-ray reflexion method for quantitative determination of preferred orientation has been made by Chernock & Beck (1952) , and some schemes for effecting correction for texture have been discussed by de Wolff & Sas (1969) .
In this laboratory, a critical investigation has been in progress of the various factors which affect the accuracy of the integrated intensities arrived at with powders. As was outlined above, one such factor is preferred orientation. The aim of this work is the study of the possibilities of the acquisition from X-ray diffraction measurements of sufficient information on the orientation distribution in an individual specimen to enable deduction of accurate corrections for texture. Face-centred cubic aluminum was chosen as the test material.
Theoretical preliminaries
A general orientation distribution is a function of three variables (the Eulerian angles), and the complete determination of this function is an impracticable task. Fortunately, the use of a specimen spinner-as employed in powder measurements to suppress statistical fluctuations in particle sampling -introduces cylindrical symmetry into the orientation of crystallites, reducing the number of variables to two.
The geometrical relationships in the determination of the orientation distribution by the reflexion method are illustrated in Fig. 1 . Here k0 and k denote the directions of incident and diffracted beams, respectively, P is the axis of rotation, known as the polar axis of the specimen, ~ is the polar angle, i.e. the angle between P and k-k0, and 0* is the Bragg angle.
The orientation distribution is fixed in the external or specimen coordinate system defined by the polar axis. Every crystallite will also have its own internal coordinate system defined naturally by the crystallographic directions [h00], [0h0] and [00h]. The direction of the polar axis P in respect of the internal coordinate system of a crystallite will be called Pe (see Fig. 2 ).
Let us then imagine all the internal coordinate systems to coincide. Then the polar axes Pe will have a certain directional distribution. Let d V be the total volume of those crystallites of which the polar axes fall in a solid angle element d.Q. The polar axis density can then be defined by: *Printed in bold type in the text to avoid confusion with the spherical coordinate. 4n dV W= Vo dO (1) where Vo is the total volume of crystallites in the specimen. Thus 1 f Wd,Q = 1.
(2) 4n 4n
The integrated intensity I of the reflexion hkl under measurement will depend on the polar angle ~ (see Figs. I and 2). For a definite ~, the reflexion observed is due to crystallites with their polar axes Pc pointing in a direction which forms an angle ~ with the direction [hkl] . When the specimen is spinning, this direction will turn uniformly along a circle on the unit sphere (see Fig.2 ). Therefore, the resulting experimental intensity will be proportional to the average value of the polar axis density on this circle, i.e.
2n sin 7 circle where 0 and q~ are the conventional spherical coordinates, and T h~t is a proportional coefficient. Particularly, for ~ = 0 we have
The problem of correcting the integrated intensities for preferred orientation is just, how to deduce the intensities I hk~ corresponding to a random orientation -ran distribution on the basis of the observed values ]hkt : -meas lh~' tme~,¢O~,, which correspond to the real sample with a non-uniform polar axis density W (O,~o) . If W(0,cp) is known, this is simple, since W~an(0,~0)--1. Hence, lhkl : lhkl (0) = T hkl (5) ran -ran and combining this with (4) we get for the randomized or orientation corrected values the result 
The problem is, thus, reduced to the determination of the polar axis density W(O, qO. The polar axis density will possess the symmetry of the crystal structure. It can therefore be represented in form of an expansion
in terms of a complete orthogonal set of harmonics K~j(O, q~) of this symmetry. Here, i denotes the order of the harmonics, which will take even values only, since obviously W(O,~o) must be a function of even parity, andj labels the linearly independent harmonics in each order. Especially, we always have K0=l, and by substituting (7) for Win equation (2), we get immediately Co = 1, since I Kijd.O = 0 for all i > 0.
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According to the general properties of the harmonics, the integration in equation (3) can be performed generally yielding
where P,(cos a) is the Legendre polynomial of the order i. It is obviously possible to measure In~t(a) for several reflexions hkl and estimate the parameters on the basis of the results. It is, however, not immediately clear how many terms are needed in the expansion (7) to get a reliable representation of W(0,cp) and, hence, to make reliable correction by equation (6), and further, given the number of terms, what would be a proper amount of experimental information to determine them adequately.
To be more definite, let us confine the discussion to the cubic symmetry, although in principle the discussion would be quite similar in any symmetry. The harmonics K,j are now the cubic harmonics. The set contains no second-order (i=2) function, and in the orders i=0,4,6,8,10 only one function appears in each. By adoption of the representation of Kurki-Suonio & Ruuskanen (1970) (Further, if there are n linearly independent cubic harmonics of the order i, then there are n + 1 of them in the order i+ 12.)* With this choice of representation, the coefficients C~j of expansion (7), once determined, express directly the magnitude of the terms and, hence, also the rate of convergence of the series. 
i are then uniquely determined. By combination of equations (10) and (8) 
can be obtained directly. (To be able to solve all coefficients Cij of an order with n linearly independent harmonics, one obviously would need the function IhkZ(~) for n different reflexions.) Further, small details of InXZ(~) need not be known to solve low-order coefficients of (10). Roughly, up to the 10th order any oscillations within some interval A cos~<0.1 are meaningless.
If really any behaviour of the polar density function is thought to be possible, within the symmetry, of course, then we also need the whole range of ~ from 0 to 90 ° to determine even the low-order coefficients. The situation is completely changed if W is assumed to be a smooth function and, hence, the higher-order terms, say, with i> 10 in (7) to be negligible. This is certainly realistic, if the preferred orientation is not very strong. The problem is now of finite dimension, and information about IheZ(~) on a smaller interval will be sufficient for determination of the coefficients b~ kt in equation (10). Still, measurements on one reflexion hkl will be enough in principle for calculation of C~j up to i= 10, but another reflexion would be necessary to solve the two coefficients in the 12th order.
In practice, of course, observation of several reflexions will lead to more reliable values of the parameters T TM and C~ s which can be determined, say, by the method of least squares. Apart from experimental * According to Betts, Bhatia & Wyman (1956) choice of the reflexions on which the determination will be based. Table 1 gives the values of the cubic harmonics/<4,/<6, /<8, K10 in the directions of a set of reflexions. It is seen, for instance, that a reflexion in the direction [100] will be suitable for the determination of C4 and 6"8, [110] is an effective direction for C6, while [111] gives most reliably C6 and Clo, etc. Thus, qualitatively, if we want to study the expansion (7) up to i--10, the pair of reflexion 200, 111 will lead to a uniform determination of the coefficients. 
Measurements and results
The X-ray reflexion method originally proposed by Schulz (1949) was applied for quantitative determination of the polar axis density. The texture goniometer was attached to a Bragg-Brentano diffractometer, which allowed e rotation of the specimen. The sample, mounted on the specimen table of the goniometer, could be inclined in relation to the diffractometer axis (~ rotation), and rotated in its own plane (~ rotation). The specimen surface was aligned accurately, so that it remained tangential to the diffractometer focusing circle while undergoing e, ~ and ~ rotations. Narrow horizontal slits of equal width were placed at $1 and $3 (Fig. 1) , to collimate the incident beam into approximate parallelism in the vertical direction. A vertical slit at $2 was employed for control of the horizontal divergence of the incident beam. The horizontal and vertical divergences were symmetrical, and less than 0-8 and 0-6 °, respectively. In sample preparation, use was made of atomized aluminum powder No. 140 from The Aluminum Company of America (Alcoa); the average particle size was about 3 pm. Properties of the specimens prepared from this powder have been studied in connexion with the absolute X-ray intensity measurements carried out in this laboratory by the application of the symmetrical Bragg method (Inkinen, Pesonen & Paakkari, 1970) . On examination of the variation in integrated intensities of several reflexions with moulding pressure, and by using the method presented in this paper, no significant effects of preferred orientation were discernible when the pressure was less than 500 kp.cm --2. The close agreement of the results obtained with Cu K~ and Mo K~ radiations confirmed the absence of porosity and surface roughness, since their effects are wavelength-dependent. Furthermore, the results arrived at by the use of the reflexion method were in close agreement with those obtained from a powder ,sample in symmetrical transmission (J/irvinen, Merisalo & Inkinen, 1969) . It is thus to be concluded that the Alcoa powder is a suitable material for independently studying preferred orientation effects.
In the present work, four specimens were prepared by the compression of powder into cylindrical sample holders, applying pressures of 1000 kp.cm -2 (sample A), 1600 kp.cm -2 (B), 3000 kp.cm -2 (C) and 4000 kp.cm -2 (D). The integrated intensities I(~), which represent a relative measure of the average polar axis density W(O,~o), were measured with Cu K~ radiation for the reflexions 111,200 and 220 up to ~= + 60 ° at intervals of 10 °, by scanning the receiving slit $4 through the reflexions. The recording apparatus comprised a scintillation counter, followed by a pulseheight analyser and a digital printout. As an example, Fig. 3 indicates the results for specimen C.
The coefficients C~s up to i= 10 were determined by fitting series (8) simultaneously to values I(~) measured for the three reflexions. Their relative integrated inten-sities I(0) were also measured; these were corrected for preferred orientation by the application of equation (6). Table 2 presents the values/ran, measured from a specimen in which the orientation distribution was random within the limits of experimental error (about +0.5%), the values Imeas of the specimens studied, their correction factors W for preferred orientation, and the relative differences A :[(Imea~/W)--[r~n]/Iran. The maximum differences A are about 1%. An independent check of the internal consistency of the data was obtained by measurement of the integrated intensities I(0) of the 111 reflexion from various samples under identical experimental conditions, and comparison of the resulting intensity ratios with the correction factors W contained in Table 2 . Close agreement was found.
Discussion
Assessment of the reliability of corrections for texture implies careful consideration of several sources of error. First, in measurement of the intensities I(~), the diffractometer alignment must be checked thoroughly. Moreover, the centre of gravity of the distribution of primary beam intensity in the vertical direction should coincide with point 0 (Fig. 1) . Deviations from this condition will result in asymmetrical intensity curves I(~). This effect is equivalent to that arising from a parallel displacement of the specimen which in the first approximation induces a linear error in the integrated intensity. Thus, corrections for a small asymmetry of the primary beam can be made by symmetrization of the I(~) curves. To achieve optimum conditions for the integrated intensities, and to minimize the errors attributable to aberrations and the absorption factor, the effect of divergences must be studied. In the present work it was confirmed that the divergences used did not induce any significant error.
Tilting of the specimen changes the effective scattering depth, and consequently the determination of reliable corrections requires uniform distribution of preferred orientation. This was studied by comparison of the I(~) values of specimens with a pressed, undisturbed surface, with those of samples after the removal of surface layers of various degrees of thickness. No significant differences were observed.
To demonstrate the rate of convergence of series (7), the coefficients C~j up to i= 10, obtained by fitting series (8) simultaneously to the I(~) values of reflexions 111, 200 and 220, are listed in Table 3 . The results indicate that these five terms are sufficient for a reliable representation of the polar axis density of each specimen investigated. In fact, only the first three terms are needed for samples B, C and D in which the texture is well-developed. It was also found that the fitting to the I(0~) values for one reflexion only gives a reliable result for the reflexion concerned, but not for the others. When the coefficients C~i were determined on the basis off(00 values of the pairs of reflexion 111,200; 111,220; and 200, 220 , the results arrived at were essentially consistent with those obtained from simultaneous fitting to all three reflexions. The best result, however, was obtained with the pair 111, 200. These findings are in accord with the conclusions made in theoretical part of the work. Careful treatment of the effects of preferred orientation is important if added reliability is to be given to the experimental values of X-ray structure factors arrived at with powders. It has hitherto been common practice to attempt to eliminate these effects as completely as possible. However, extreme care is required to reduce them to a level of 1%; one important point is the difficulty involved in assessment of the degree of elimination without a direct test for texture. On the basis of this work it can be concluded that such a test can be made by application of the method presented. The results obtained for powder samples of aluminum suggest that correction of the integrated intensities for preferred orientation is possible to a degree of accuracy comparable with the errors associated with experimental procedures in intensity measurements.
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